One sentence summary: Tolerance to solvents in Pseudomonas is a multifactorial process, meaning that bacterial cells use a set of physiological and gene expression changes to overcome the damage imparted by these chemicals.
INTRODUCTION
Strains of the species Pseudomonas putida are ubiquitous, metabolically versatile and adapted to prosper in diverse habitats. Pseudomonas putida strains play a relevant role in recycling organic wastes within aerobic and microaerophilic environmental compartments. These strains can flourish by metabolizing a wide range of compounds as carbon, nitrogen, phosphate and sulfur sources (Nelson et al. 2002; Daniels et al. 2010b; Matilla et al. 2011; Silby et al. 2011; Wu et al. 2011; Roca et al. 2013) . Genome sequencing and analysis of nine P. putida isolates revealed that P. putida exhibits an unusual wealth of determinants for high-affinity nutrient transport systems and a wide variety of oxidoreductases, hydrolases and thiolases, which in turn confer these microbes with a high level of metabolic adaptability (Wu et al. 2011; Udaondo et al. 2013) . The metabolic flexibility of Pseudomonas derives not only from a wide array of genetic determinants but also from the tight regulation of expression of the different metabolic pathways (Nogales, Palsson and Thiele 2008; Puchalka et al. 2008; Kim et al. 2013; Silva-Rocha and De Lorenzo 2013) . This is achieved through an extensive set of extracytoplasmic function (ECF) sigma factors that, together with transcriptional regulators, allow a rapid response to environmental cues ). In addition, just as for other freeliving microorganisms, strains of the genus Pseudomonas have genomes that continuously acquire new DNA and undergo expansion rather than reduction (Ussery et al. 2009; Silby et al. 2011; Wu et al. 2011; Udaondo and J.L. Ramos, in preparation) .
The ability of P. putida to proliferate in a number of hostile environments is partially related to the presence of a set of efflux pumps that form part of the core pan-genome of P. putida. These efflux pumps are efficient at extruding antimicrobial compounds produced by other microorganisms and man-made pollutants. Aromatic hydrocarbons, such as benzene, toluene, ethylbenzene and xylenes (BTEX), are among the top 50 chemical products worldwide and are used for an array of applications, including the production of polymers, rubbers and plastics. BTEX are frequently found together as soil and groundwater contaminants, especially near petroleum and natural gas production plants. Some strains of the species P. putida are among the few microbes able to proliferate in the presence of high concentrations of these chemicals (Gibson and Subramanian 1984) . Other contaminants include ethanol, butanol and isobutanol, which are widely used as paint precursors and blenders in polymers and plastic manufacturing. Biotechnological advances have led to the production of these compounds as alternative fuels from cheap and renewable stocks and therefore their production volume is rapidly increasing (Green 2011) , although production challenges remain (Ezeji et al. 2010) . As a consequence of the expanded use of BTEX and short-chain alcohols, these chemicals are more commonly reaching the biosphere and now constitute a major source of pollution. The biological removal of these chemicals from soil and water (bioremediation) is clearly very desirable and requires robust microorganisms such as P. putida (Fig. 1) . Furthermore, the degree of solvent tolerance exhibited by microorganisms is one of the major factors in successful development of synthetic biofuels (Nicolaou, Gaida and Papoutsakis 2010) . Solvent tolerance is therefore a useful property to consider when developing bioremediation systems that remove pollutants from soil and water, and to build hosts for synthesis of added-value chemicals that can be toxic for the bioproducing microorganisms (Neumann et al. 2005; Udaondo et al. 2013) .
Most P. putida strains are able to proliferate in the presence of aromatic hydrocarbons and short-chain alcohols when supplied at low concentrations, but fail to thrive in the presence of high concentrations of these chemicals. The toxicity of short-chain alcohols and BTEX is the result of their ability to disorganize microbial membrane structures, causing the loss of ions and metabolites, changes to intracellular pH and a drop in electrical potential (De Smet, Kingma and Witholt 1978; Sikkema, de Bont and Poolman 1995; Ramos et al. 1998) . A rare property of a limited number of P. putida strains is that they can thrive in the presence of high concentrations of BTEX and short-chain alcohols which would normally impede the growth of most culturable microbes (Inoue and Horikoshi 1989) . Examples of these strains are P. putida DOT-T1E, S12, GM1 and MTB6, which have been reported to grow in the presence of saturating concentrations of BTEX and in 1% short-chain alcohols (Aono et al. 1992; Cruden et al. 1992; Weber, Isken and de Bont 1994; Ramos et al. 1995; Isken and de Bont 1996; Weber and de Bont 1996; Huertas et al. 1998; Isken and de Bont 1998; Kim et al. 1998; Knoshaug and Zhang 2009; Wackett 2014a; Cuenca et al. unpublished) . Pseudomonas putida DOT-T1E was isolated from a wastewater treatment plant and is an efficient degrader of benzene, ethylbenzene and toluene (Ramos et al. 1995) , while the S12 strain was isolated from an oil-polluted soil. In contrast, MTB6 is an isolate from garden soil with no history of exposure to pollutants (Huertas et al. 1998) . It should be noted that a number of microorganisms are able to grow and proliferate in the presence of other organic solvents such as short-chain alcohols. Li et al. (2010) collected samples of sand and soil around a pump inlet at a butanol storage site and isolated a number of Lactobacillus strains that were tolerant to 5% butanol and revealed that Lactobacillus plantarum is inherently tolerant to butanol. Deciphering the basis of this high level of tolerance has proven useful for the construction of butanol-producing strains such as recombinant variants of Escherichia coli and Clostridium. (Tomas, Beamish and Papoutsakis 2004; Atsumi et al. 2008; Nielsen et al. 2009; Isar and Rangaswamy 2012) .
Initial studies with P. putida DOT-T1E, MTB6 and S12 in liquid culture medium and/or in edaphic microcosms showed that the number of viable cells decreased by four to five orders of magnitude when exposed to high toluene concentrations and that survivors were able to grow and colonize the polluted mediums (Ramos et al. 1995 (Ramos et al. , 2002 Huertas et al. 1998; Santos, Benndorf and Sá-Correia 2004; Roma-Rodrigues et al. 2010) . In contrast, P. putida DOT-T1E cultures pre-exposed to low concentrations of toluene show 100% survival after a subsequent toluene shock. These results suggested that some aspects of solvent tolerance involve the induction of solvent-tolerance determinants (Rojas et al. 2001) . In E. coli, pre-exposure of cells to efflux-pump inducers made them more tolerant to hexane and other hydrocarbons than non-pre-exposed cells indicating that pre-induction is also relevant to hydrocarbon tolerance in E. coli (Ma et al. 1993) .
In this review, we explore the mechanisms that microorganisms use to overcome the toxicity of aromatic hydrocarbons and butanol. Based on physiological, biochemical and genetic information and a set of data available from transcriptomic, proteomic and metabolomic studies of bacteria in response to solvents, it appears that around 100 genes are involved in solvent tolerance. Of these genes, those coding for efflux pumps that extrude solvents are of vital importance to the ability of microorganisms to pre-adapt to toxic chemicals.
Identification of relevant solvent-tolerance determinants through analysis of the genome sequence of P. putida DOT-T1E and Idaho strains
The genomic sequences of two toluene-tolerant strains, Idaho and DOT-T1E, were determined (Tao et al. 2011; Udaondo et al. 2013 ) and used to identify potential solvent-tolerance clusters responsible for the enhanced tolerance of these strains. The genomes of these strains are approximately 6 Mbp in size and the DOT-T1E strain (Gene Bank deposit number CP003734.1) comprises two circular replicons: a single chromosome of 6 260 702 bp (61% GC content) and a 133 451 bp self-transmissible plasmid named pGRT1 with a copy number of 1 plasmid per chromosome. The pGRT1 plasmid encodes 126 proteins, which represent less than 2% of the total number of encoded proteins, and has a slightly lower G+C content (58%) than the chromosome, but a similar coding density Molina et al. 2011) . The genome of the Idaho strain has a single circular chromosome of 6 363 067 bp and a G+C content of 62% (Tao et al. 2011) . Global alignment of the DOT-T1E and Idaho genomes with those of other P. putida strains (GB1, W619, KT2440, F1) was carried out using Mauve software to identify strain-specific regions (Darling et al. 2004) . The whole-genome alignment revealed a high chromosomal gene synteny with a number of genome rearrangements and considerable inverted alignments on both sides of the chromosomal replication origin. Around 3380 genes from DOT-T1E and Idaho are shared with seven other sequenced strains of P. putida, making this set of genes part of the core genome of P. putida. It should also be noted that DOT-T1E contains 170 unique coding DNA sequences (CDS) that share no similarity (E value of <10 −5 ) with those present within sequenced Pseudomonas genomes, while the Idaho strain contains 917 unique CDS. The fact that none of these unique genes are common between DOT-T1E and Idaho suggests that they may have an origin outside of the genus Pseudomonas, and that they are likely not involved in solvent tolerance. Overall, there are only 77 CDS outside of the 3380 core genomes which are shared by the Idaho and DOT-T1E strains.
Most of these open reading frames encode proteins that are uncharacterized or are phage-related proteins (62 CDS). Whether or not these genes are essential for solvent tolerance cannot be deduced from bioinformatic analysis and further experimental support is needed to define their function. Using mini-Tn5 mutagenesis, we generated nearly 40 000 independent mini-Tn5 insertions in the genome of DOT-T1E. Sequencing of the insertion sites revealed that mini-Tn5 was randomly inserted into the genome at approximately one insertion per 200 bp (E. Duque and J. de la Torre, unpublished results). The mutant collection was screened for solvent-sensitive clones, and around 200 mutants were identified and characterized (Duque et al. 2010) . No mutant exhibiting solvent-sensitivity was associated with insertion in any of the 170 unique CDS of DOT-T1E or the 77 CDS that are exclusively shared with the Idaho strain.
Degradation of toxic chemicals is not an essential determinant for solvent tolerance, but is physiologically relevant
There is no correlation between the ability of a strain to degrade an aromatic compound or butanol and its ability to thrive in the presence of high concentrations of these compounds (Inoue and Horikoshi 1989; Aono et al. 1992; Mosqueda, Ramos-González and Ramos 1999) ; this suggests that there is no physiological connection between catabolism of solvents and solvent tolerance. This is further supported by the fact that P. putida DOT-T1E can degrade toluene into Krebs cycle intermediates via the TOD pathway (Lau et al. 1997; Mosqueda, Ramos-González and Ramos 1999) , but mutants in genes of the catabolic pathway are as tolerant to aromatic hydrocarbons as the parental strain, demonstrating that this degradation pathway is not particularly relevant to the resistance phenotype (Mosqueda, RamosGonzález and Ramos 1999) . A number of E. coli strains have also been shown to be able to grow in the presence of certain hydrocarbons without the need to metabolize them.
When the expression profiles of P. putida DOT-T1E and P. putida S12 exposed to sublethal toluene concentrations were compared to those of cells growing without solvent, the induction of Krebs cycle enzymes and another set of enzymes related to energy production was observed. This indicates a requirement for enhanced metabolism in order to respond to solvent toxicity, possibly to power efflux pumps that remove solvents from the cell membranes. Indeed, solvent tolerance is an energy intensive process and it has been found that growth yields (g biomass/g carbon source) of Pseudomonas in the presence of sublethal toluene or butanol concentrations can be reduced by up to 50% of dry cell weight. A small amount of the internalized solvent (either toluene or butanol) is degraded by metabolic pathways, which would help to generate energy to overcome the stress (Ramos et al. 2002) . Thus, taken together, these results suggest that cells exposed to toxic chemicals react and respond to them acutely as a molecular insult rather than as a source of carbon (Domínguez-Cuevas et al. 2006) . Recently, another mechanism has been identified that serves to mitigate the acute effects of solvents; specifically, Clostridium acetobutylicum was found to show improved butanol tolerance through production of glutathione (Zhu et al. 2011) , an antioxidant molecule involved in protein stabilization.
STRESS RESPONSES

Changes in microbial cell membranes in response to solvents
Organic solvents accumulate in bacterial membranes and increase membrane fluidity (Sikkema, de Bont and Poolman 1995; Bernal, Segura and Ramos 2007b) . Physiological and biochemical analyses have revealed that the early solvent response of P. putida involves altering lipid composition to adapt to solventinduced membrane fluidity changes (Ramos et al. 1997; Bernal, Segura and Ramos 2007b; Wackett 2014b) . Lipid composition alternations serve to increase the rigidity of the cell membrane and do so mainly by altering the cis to trans ratio of unsaturated fatty acids (UFAs; Junker and Ramos 1999; Heipieper, Meinhardt and Segura 2003; Schweizer 2004; Bernal et al. 2007a) . Isomerization of cis to trans UFAs is a short-term response mediated by a cis-trans isomerase (CTI) (Heipieper, Diefenbach and Keweloh 1992; Heipieper and de Bont 1994; Junker and Ramos 1999; Heipieper 2003; Heipieper et al. 2007) . Because the extended conformation of the acyl chain in the trans-UFAs, which is more similar to the conformation of a saturated fatty acid than cis-UFAs, leads to denser membranes, an immediate selective advantage is provided in the presence of high solvent levels. Bernal, Segura and Ramos (2007b) and Bernal et al. (2007a) showed that the promoter for the cti gene is expressed constitutively and therefore, cis to trans isomerization of UFAs represents an innate defense mechanism that relies on the activation of this isomerase. A mutant deficient in CTI exhibited retarded growth with respect to the parental strain when exposed to toluene (Junker and Ramos 1999) ; these results are in agreement with the results of Bernal, Segura and Ramos (2007b) , which showed (using fluorescence polarization assays) that mutants deficient in the cti gene exhibited less rigid membranes than the wild type.
Another modification of cis UFAs involves the addition of a methylene group across the cis double bond to produce cyclopropane fatty acids (CFAs) (Grogan and Cronan 1997; Muñoz-Rojas et al. 2006) . CFAs have long been recognized as an important determinant of acid and alcohol resistance in E. coli (Chang and Cronan 1999) . The cfaB gene in P. putida (Muñoz-Rojas et al. 2006; Pini et al. 2009 ) encodes the main cyclopropane synthase whose expression is dependent on the RpoS sigma factor leading to synthesis of CFAs when cells enter the stationary phase (Chang and Cronan 1999; Pini et al. 2011) . The expression of cfaB is slightly upregulated in response to toluene in P. putida (Duque et al. 2007; Pini et al. 2011 ; C. Molina-Santiago and J.L. Ramos, unpublished results) and it has been suggested that CFAs might play a role in solvent tolerance because a T1E cfaB mutant was more sensitive to toluene shocks than the parental strain (Pini et al. 2009 ).
In Gram-negative bacteria, cell membrane fluidity is also influenced by phospholipid head group composition (Pinkart and White 1997) , and changes in phospholipid head groups have also been shown to influence solvent tolerance (Sikkema, de Bont and Poolman 1995; Ramos et al. 2002; Rühl et al. 2011) . In P. putida, S12 and DOT-T1E exposure to toluene led to an increase in cardiolipin content. The cardiolipin synthase (cls) gene in the solventtolerant P. putida DOT-T1E strain is located on a monocistronic operon. Expression of the cls gene is controlled from a sigma-70 promoter, and expression levels are not influenced by solvents. Counterintuitively, mutants with a knockout in the cls gene (that have a reduced content of cardiolipin in the membranes) exhibited increased membrane rigidity. Although membrane rigidity does not seem to be the mechanism by which the cls gene promotes solvent tolerance, studies using a cardiolipin synthasedeficient mutant of P. putida DOT-T1E suggest that the protein evokes membrane architecture changes that improve the efficiency of the efflux pumps (Bernal et al. 2007a) . Reyes, Almario and Kao (2011) showed that mutants of E. coli with enhanced tolerance to butanol exhibited upregulated iron metabolism genes; the authors hypothesized that these genes enhance butanol tolerance by modifying the architecture of the outer membrane. Kanno et al. (2013) isolated butanoland isobutanol-tolerant microorganisms from different environments and carried out 16S rRNA analysis. The results revealed that these isolates were phylogenetically distributed in the phyla Firmicutes and Actinobacteria. The authors characterized two of the isolates (an aerobe and an anaerobe) and found that both exhibited enhanced saturated and CFAs in their membranes, implicating these fatty acids in butanol and isobutanol tolerance. Similarly, evolutionary studies in E. coli have suggested that membrane impermeabilization is important for isobutanol solvent stress (Atsumi et al. 2010) .
Despite all of the evidence implicating membrane modifications and membrane constituents in solvent responses in different microorganisms, it should be noted that envelope modifications are not sufficient to prevent entry of the solvents into the periplasm and cell cytoplasm when cells are challenged with high concentrations of solvents and that other mechanisms are required for the survival of the cultures (Fig. 2) .
The role of chaperones in solvent tolerance
Nearly 90 proteins were found to be upregulated as a result of an exposure of the S12 and DOT-T1E strains to toluene (Segura et al. 2005; van der Werf et al. 2008; Wijte et al. 2011) . This response includes DNA-repair systems (Segura et al. 2005 Our bioinformatics analysis revealed that P. putida strains have at least 41 chaperones in their core genomes, and proteomic and transcriptomic assays in P. putida DOT-T1E and S12 identified that expression of a few chaperone genes is induced in the presence of solvents such as ethanol, butanol, toluene and xylenes. This is in accordance with a number of studies that reported upregulation of the rpoH regulon in E. coli in the presence of short-chain alcohols (Brynildsen and Liao 2009; Rutherford et al. 2010) .
In P. putida DOT-T1E, the GroES, Tuf-1, IbpA and CspA chaperones are induced in response to toluene (Segura et al. 2005) . While GroES appears to be implicated in protein refolding, CspA2 appears to be involved in protein synthesis under toluene stress and Tuf-1 may play a role in the maintenance of proper protein folding in the periplasm. We have found that mutants with knockouts in the cspA1 and tuf-1 genes grow slower in the presence of sublethal concentrations of solvents than the parental strain (A. Segura, unpublished results). It should also be noted that P. putida KT2440, a solvent-sensitive strain, activates more chaperones than DOT-T1E and S12 in response to toluene, and this may be related to the fact that the two solventtolerant strains are more proficient than KT2440 at toluene removal (Domínguez-Cuevas et al. 2006 ).
In C. acetobutylicum, it was found that higher levels of the chaperones Hsp99, DnaK, GroES, GroEK, GrpE, Hsp18, YacI, ClpP, HtrA and ClpC were expressed in response to butanol. The involvement of these chaperones in solvent tolerance was further confirmed in a study that compared wild-type C. acetobutylicum with a butanol-tolerant mutant (Mao et al. 2009 ), which overexpressed the GroES chaperone. In a related study, ectopic overexpression of the chaperone increased butanol tolerance in the wild-type strain (Tomas, Welker and Papoutsakis 2003) .
Removal of active oxygen species
Several studies have demonstrated that alcohols and aromatic compounds activate the response against oxidative agents and even provoke typical oxidative damage in Pseudomonas and other bacteria. This is most likely due to the interference of solvents with the electron transport systems leading to an increase in the production of hydrogen peroxide and other reactive oxygen species (Domínguez-Cuevas et al. 2005; Brynildsen and Liao 2009; Akanuma et al. 2010) . In response to oxidative stress, several genes of the OxyR regulon were induced by toluene in P. putida KT2440 (Domínguez-Cuevas et al. 2005) , and genes regulated by OxyR or NrdR are commonly upregulated in E. coli ethanol-tolerant strains (Akanuma et al. 2010) .
Comparative proteomics and genomics also showed that many of the enzymes involved in the oxidative stress response are common among different strains of P. putida. Within the set of induced genes that form part of the P. putida core genome are two superoxide dismutases [SodA, a Mn superoxide dismutase (T1E 5070) and SodB, a Fe superoxide dismutase (T1E 1925)]; several peroxidases, (e.g. KatA); a putative catalase; two alkyl hydroperoxide reductases; a chloroperoxidase; two thiol peroxidases; and two putative glutathione peroxidases. This correlates with the findings in Clostridium that expression of gsh genes leads to enhanced gluthatione levels allowing higher tolerance to butanol (Zhu et al. 2011) .
Effux pumps that enhance solvent tolerance
Efflux pumps are considered the most efficient mechanism of solvent tolerance in Gram-negative bacteria. This mechanism consists of pumping excess solvent present in the cell (membrane, periplasm or cytoplasm) to the outer medium, effectively preventing chemicals from reaching lethal concentrations in the cell. Initial studies showing the importance of efflux pumps in solvent tolerance were carried out by Isken and de Bont (1996) and Ramos et al. (1997) when they demonstrated accumulation of 14 C-labelled hydrocarbons in cells treated with ionophores that limited or impeded ATP synthesis. Later, these two laboratories isolated mutants of P. putida S12 and DOT-T1E that exhibited impaired efflux pump function. Among the different families of efflux systems, pumps of the RND (Resistance-NodulationDivision) family and ABC-efflux transporters (Fig. 3 ) have been implicated in solvent tolerance (Kim et al. 1998; Ramos et al. 1998; Kobayashi et al. 2000; Rojas et al. 2001; Eswaran et al. 2004; Sun and Dennis 2009; Volkers et al. 2009; García et al. 2010) . Their molecular organization permits bacteria to expel compounds following two possible pathways: from the periplasm to the external medium or from the cytoplasm to the external medium (Nikaido and Takatsuka 2009 ). The core P. putida genome encodes more than 20 RND efflux pumps that may be relevant to tolerance against different noxious compounds . A typical RND efflux pump consists of three components: (1) an inner membrane protein, which acts as the extrusion element, is often more than 1000 amino acids long and consists of 12 transmembrane helices (Murakami et al. 2002; Yu et al. 2005; Törnroth-Horsefield et al. 2007; Nikaido and Takatsuka 2009) ; (2) an outer membrane protein that protrudes into the periplasmic space to form a channel (Koronakis et al. 2000; Nikaido 2000; Wong et al. 2001) ; and a lipoprotein that is covalently attached to the peptidoglycan and plays a role in stabilizing the interactions between the two other elements (Zgurskaya and Nikaido 1999; Mikolosko et al. 2006; Nikaido and Takatsuka 2009) . Bacterial RND efflux systems span the periplasm and both the inner and outer membranes allowing the clearance of toxic chemicals from intracellular compartments. Bacterial RND transporters utilize the proton motive force across the cytoplasmic membrane to extrude substrates. Based on the isolation of solvent-sensitive and site-directed mutants, we identified three RND efflux pumps directly involved in solvent tolerance in P. putida DOT-T1E; these were called Ttg (for Toluene-tolerance gene) pumps and were found to work cooperatively in DOT-T1E to extrude aromatic hydrocarbons (Ramos et al. 1998; Mosqueda and Ramos 2000; Duque et al. 2001) . Our studies involving the TtgABC efflux pump began when we characterized the DOT-T1E-18 strain, which contains a mutation in this pump. We found that, in contrast to the wild-type strain, DOT-T1E-18 was not able to tolerate toluene shock and had lower induced tolerance (Ramos et al. 1998) . We also tested antibiotic tolerance in this strain and found a concomitant increase in antibiotic sensitivity (Terán et al. 2003) . The TtgABC efflux pump is expressed at a basal level from a single promoter when grown under normal laboratory culture conditions ); while it is not induced by toluene, it is induced in response to butanol. The TtgABC pump is widely distributed in Pseudomonas and it is relevant for the extrusion of flavonoids and antibiotics Braoudaki and Hilton 2004; Terán et al. 2007; Aminov 2009; Baquero,Álvarez-Ortega and Martínez 2009, Daniels and Godoy et al. 2010) . The related TtgDEF efflux pump is involved in the inducible resistance to toluene (Mosqueda and Ramos 2000) and is present only in strains which carry the tod pathway for toluene degradation (Mosqueda and Ramos 2000; Phoenix et al. 2003; Segura et al. 2003) . The presence of TtgGHI (known as SrpABC in P. putida S12) was found to be restricted to P. putida strains able to survive a 0.3% (v/v) toluene shock and it is linked to innate and inducible resistance to toluene. Although the combined action of the three efflux pumps permits a high-level resistance to several aromatic hydrocarbons such as toluene, styrene, xylenes, ethylbenzene and propylbenzene (Rojas et al. 2001) , from a quantitative point of view, TtgGHI is the major player in aromatic hydrocarbon removal.
It is also worth noting that in P. putida the MexEF pump is involved in butanol and formaldehyde efflux (Roca et al. 2013) . A role for RND efflux pumps in the extrusion of short-chain linear compounds, such as alcohols and alkanes, is supported by the fact that modification of AcrB efflux pump in E. coli enhanced tolerance to short-chain alcohols (Zgurskaya and Nikaido 2000; Kobayashi, Tsukagoshi and Aono 2001; Fisher et al. 2013) and that engineering of this efflux pump permitted the export of n-octane (Foo and Leong 2013) .
Metabolic responses to solvents
The previously described solvent-tolerance responses are both multifactorial and combinatorial, and the synergy between them contributes to overall solvent tolerance. However, all of these responses consume energy and therefore the removal of toxic chemicals and survival in a hostile environment is expensive from an energetic point of view (Kieboom et al. 1998; Mosqueda and Ramos 2000; Rojas et al. 2001; Ramos et al. 2009 ). Proteomic analysis revealed that a number of proteins related to energy metabolism are upregulated upon exposure to toluene (Wijte et al. 2011) and butanol (Cuenca et al. unpublished) . In P. putida S12, it was found that proteins associated with the storage of sugars, such as GlgX and GlgP, are downregulated in the presence of toluene, whereas proteins involved in the metabolism of glucose, namely, glucokinase (Glk) and glucose-6-phosphate 1-dehydrogenase (Zwf1), are upregulated, indicating increased production of 6-phosphogluconate-the key intermediate of the Entner-Doudoroff pathway (del Castillo et al. 2007) . Conversely, in S12, gluconeogenesis appears to be suppressed following toluene exposure as evidenced by the downregulation of both Fbp, which converts fructose 1,6-biphosphate to fructose 6-phosphate, and Pgi2, which converts fructose-6-phosphate to glucose-6-phosphate and vice versa. These observations strongly suggest that under solvent stress there exists an increased rate of glucose consumption combined with decreased generation and storage of glucose. Similar findings regarding an increase in glucose utilization were reported in P. putida DOT-T1E (Segura et al. 2005) .
In the presence of aromatic hydrocarbons, the increased production of 6-phosphogluconate led to higher pyruvate levels, which is converted to acetyl-CoA, the primary substrate of the TCA cycle. Several proteins of the TCA cycle were also found to be upregulated in the presence of toluene, including Mqo-1, SdhD and SucD, as well as several NADH dehydrogenase and ATP synthase subunits (Segura et al. 2005; Wijte et al. 2011) . The upregulation of proteins involved in energy production suggests that P. putida S12 and DOT-T1E have the ability to respond to the high-energy demands caused by toluene exposure by increasing energy metabolism, which is in agreement with various fluxomics, proteomics and transcriptomics studies (Wery et al. 2000; Segura et al. 2005; Volkers et al. 2006) .
Pseudomonas putida possesses several electron transporters in the electron transport chain and the cells adapt the composition of the electron transport chain, varying the relative levels of its different components such as electron transporters and terminal oxidases, that have different biochemical properties (affinity for oxygen, efficiency as proton pumps, resistance to toxic compounds such as cyanide, etc.). Four complexes are the main players in the adaptability of Pseudomonas species to variable aerobic and microaerobic conditions (Rojo 2010) . Complex I consists of an NADH ubiquinone oxidoreductase (EC 1.6.5.3) with 14 subunits coded by the nuo genes (A through N), which are grouped in a gene cluster (T1E 4135 to T1E 4146). Complex II is a succinate dehydrogenase (EC: 1.3.5.1) comprising four subunits (SdhA, SdhBCD) that are encoded by genes that are also clustered [TIE 0430 through T1E 0433] ). The cytochrome bc1 complex, [or quinol:cytochrome c oxidoreductase (EC: 1.10.2.2) and an NADH dehydrogenase (EC: 1.6.99.3)], comprises three independent FAD-dependent subunits (T1E 4337, T1E 4338 and T1E 4339) that are used to optimize the NADH/NAD + balance under changing environmental conditions. Complex IV consists of cytochrome-c oxidase/cytochrome aa3. A recent study by Arai et al. (2014) indicated that the Km values of Cyo, CIO and Aa3 for oxygen were similar and were one order of magnitude higher than those of Cbb3-1 and Cbb3-2, suggesting that Cyo, CIO and Aa3 were low-affinity enzymes while the two others were highaffinity complexes. The electron transport chain of Aa3 had the highest proton translocation efficiency. Several terminal oxidase genes were found to be upregulated in the presence of solvents (Aa 3 -type oxidase, cytochrome cbb 3 oxidase and cytochrome bdtype quinol oxidase), suggesting a response to the conditions created by malfunctioning of electron transport chains as a consequence of solvent accumulation in the membranes and the higher energy consumption demands due to the activity of efflux pumps.
In the S12 strain, proteomics analyses suggested differential expression of the cytochrome o ubiquinol oxidase complex and showed that CyoB and CyoA exhibit a similar change in expression level in toluene-adapted cells. However, in the same strain, only four of the seven identified NADH dehydrogenase complex subunits were differentially expressed in the presence of toluene. Insight into the function of the protein complex was provided using a cyoB mutant of DOT-T1E, which exhibited a marked reduction in global metabolism. This suggests that limitations in energy generation associated with this terminal oxidase exert a general effect on cell metabolism in the presence of toluene. For example, fatty acid biosynthesis was greatly limited, which agrees with previous observations showing that CyoB mutant cells produce membrane invaginations that affect cell membrane structure and consequently result in extreme sensitivity to solvent shock .
Control of the expression of the efflux pumps
A series of early competition assays revealed that the TtgABC efflux pump extrudes toluene, xylene, styrenes and naphthalene (Ramos et al. 1998 (Ramos et al. , 2005 Rojas et al. 2001; Terán et al. 2003) . The ttgABC operon is controlled by TtgR, and expression of the genes encoding the pump is increased in the presence of antibiotics, butanol and flavonoids; however, expression does not vary in the presence of solvents Alguel et al. 2007; Krell et al. 2007; Daniels et al. 2010a) . The TtgR represser binds to the operator region of the efflux pump to prevent RNA-polymerase binding and thus expression of the pump (Fig. 4) . In P. putida DOT-T1E, the ttgABC and ttgDEF operons are located on the chromosome, while ttgGHI is situated on the 133 kb pGRT1 plasmid Molina et al. 2011) . In the absence of solvents/effectors, ttgDEF expression is silent, while the ttgGHI operon is expressed at a basal level (Guazzaroni et al. 2004 (Guazzaroni et al. , 2005 Rojas et al. 2004) . Exposure of P. putida DOT-T1E to aromatic compounds increased the transcription rate of ttgDEF and ttgGHI. Exposure of P. putida to aromatic compounds (e.g. 4-nitrotoluene, benzonitrile, 1-naphthol) increased the transcription rate of ttgDEF and ttgGHI (Guazzaroni et al. 2004) , being these chemical potent inducers of solvent efflux pumps.
The ttgV gene, which is located divergently with respect to the ttgGHI operon (Fig. 4) , encodes the main regulator of TtgDEF and TtgGHI pumps . A second regulator, TtgT, is almost 60% identical to TtgV and plays a minor role in controlling their expression (Krell, Molina-Henares and Ramos 2006; Terán et al. 2007 , Fillet et al. 2009 , 2011 Lu et al. 2010) .
TtgV is a tetramer that binds to a 42-bp target operator in the ttgDEF and ttgGHI promoter region and bends its target DNA. The bending at the -10 region was deduced from hypermethylation of guanine at position -14 in the promoter DNA (Guazzaroni et al. 2004; Guazzaroni et al. 2007a; Fillet et al. 2012) . This result was confirmed using atomic force microscopy assays which showed DNA torsion of 57
• as a result of TtgV binding to a 716-bp DNA fragment representing the ttgV-ttgG intergenic region, and 40
• as a result of TtgV binding to the ttgD promoter (Guazzaroni et al. 2007b) . Therefore, TtgV binding prevents RNA polymerase access to the promoter region via physical competition and by introducing a bend that impedes RNA polymerase contact (Guazzaroni et al. 2004) . The structure of TtgV bound to its target promoter, and the analysis of a series of mutants revealed that TtgV is released from its target upon and intramolecular signal transmission that occurs via a long linker, between the effector binding pocket and the DNA binding site, that behaves like a switch to control the ability of the protein to bind DNA (Fig. 4) .
In addition to transcriptional regulators, gene expression is modulated by sigma factor RNA polymerases. Pseudomonas putida encodes 20 ECF sigma factors. We have shown that one of these ECFs, known as ECF-Pp12 (PP 3006), is relevant in organic solvent tolerance (Duque et al. 2007 ). The gene was named rpoT and subsequent studies showed that an rpoT mutant was hypersensitive to toluene and other solvents; this effect was specific to solvent tolerance because it was found to be just as tolerant as the wild type to stress imposed by heat, antibiotics, NaCl, paraquat, sodium dodecyl sulfate, H 2 O 2 and benzoate. Transcriptional analysis revealed that expression of approximately 50 transcriptional units was altered in the rpoT mutant (approximately 1% of all P. putida genes); of these, 31 cistrons were upregulated and 23 cistrons were downregulated. Included in these genes are a number of membrane proteins, including components of the respiratory chain, porins, transporters and multidrug efflux pumps. Future studies will explore the role of these proteins in the hypersensitivity of the P. putida rpoT mutant to organic solvents.
CONCLUDING REMARKS
Solvent-tolerant strains therefore use a multifactorial response that involves fine-tuning of lipid fluidity, activation of a general stress-response system, enhanced energy generation and induction of specific efflux pumps that extrude solvents to the medium. Local and global transcriptional regulators participate in a complex network of metabolic functions, acting as the decision makers in the response to solvents. The cooperative expression of solvent determinants and their synergistic actions are the basis of solvent tolerance in P. putida. The main conclusion reached regarding toluene tolerance in Pseudomonas can be extended to other microorganisms that belong to different genus, indicating that there are many common players involved in the solvent-tolerance phenotype. For example, transcriptional studies of the C. acetobutylicum 824 strain overexpressing the Spo0A regulator (i.e. during solvent production) revealed the induction or differential expression of several genes related to fatty acid metabolism, motility, heat shock and cell division (Alsaker, Spitzer and Papoutsakis 2004) . Subsequently Zhu et al. (2011) showed that glutathione was involved in protein stabilization, anti-oxidation and detoxification when cells were exposed to butanol, and that expression of the gshAB cluster of E. coli in C. acetobutylicum enhanced butanol tolerance. Rutherford et al. (2010) observed that E. coli exposed to butanol or isobutanol exhibited perturbations in genes involved in respiration (nuo and cyo operons), oxidative stress (sodA, sodC and yqhD), heat shock/cell envelope stresses (rpoE, clpB, htpG, cpxR and cpxP) and metabolite transport/biosynthesis (malE and opp operons). Furthermore, the studies of Brynildsen and Liao (2009) revealed that some transcription factors, including PdhR, FNR and Fur (regulators of electron transport, respiration and iron transport, respectively) had differential activity in response to butanol. These responses are closely related to those observed in toluene-challenged Pseudomonas strains such as DOT-T1E and S12 and allow us to identify and understand the generalized pattern of metabolic changes that occur in response to solvents.
